[ 

I 


AD-A067  330  NAVAL  RESEARCH  LAB  WASHINGTON  D C F/G  4/i 

UPPER  ATMOSPHERIC  EXCITATION  PROCESSES. <U> 

FEB  79  AH  ALI * R H KuMMLER*  F R GILMORE 
UNCLASSIFIED  |*L-*«-S9*0  SBIE-AO-EOOO  284  NL 


£ F 

a f 


67330 


SECURITY  CLASSIFICATION  of  This  PACE  (Whan  Dmtm  Entmrmd) 


REPORT  DOCUMENTATION  PAGE 


REPORT  NUMBER 


NRL  Memorandum  Report  3920  ^ 


4.  TITLE  (and  Subtltlm) 

UPPER  ATMOSPHERIC  EXCITATION  PROCESSES 


7.  author^ 

A.  W.  Ali,  R.  H.  Kummler*,  F.  R.  Gilmore**  and 
J.  W.  McGowanf 


9.  PERFORMING  ORGANIZATION  NAME  AND  AD 

Naval  Research  Laboratory 
Washington,  DC  20375 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


J.  RECIPIENT'S  CATALOG  NUMBER 


5.  TYPE  OF  REPORT  A PERIOO  COVERED 

Interim  report  on  a continuing 
NRL  problem. 


6.  PERFORMING  ORG.  REPORT  NUMBER 


8.  CONTRACT  OR  GRANT  NUMBERfaJ 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  8 WORK  UNIT  NUMBERS 


NRL  Problem  H02-27D 
Project 


It.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS  U.  REPORT  0»TI 

Defense  Nuclear  Agency  February  27 , 1979 

Washington,  DC  20305  PA°ES 


MONITORING  AGENCY  NAME  8 ADDRESSf/f  dlltmrmnt  from  Controlling  Ottlcm)  IS.  SECURITY  CLASS,  (ot  thlm  rmport) 

UNCLASSIFIED 


Defense  Nuclear  Agency 
Washington,  DC  20305 


16.  DISTRIBUTION  ST  ATEMEN  T (oi  thin  Rmport) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  thm  mbatrmct  mntmrmd  In  Block  20.  It  dlttoronl  from  Rmport) 


m 


liiunsiianiiLilU 


IS.  SUPPLEMENTARY  NOTES 

TTiis  research  was  sponsored  by  the  Defense  Nuclear  Agency  under  Subtask  S99QAXHD411,  work 
unit  15  and  work  unit  title  Reaction  Rates  Essential  to  Propagation. 

(Continues) 


19.  KEY  WORDS  (Contlnum  on  rmymrmm  mldm  It  nmcommmry  and  idmntlly  by  block  nimbmr) 

Excited  states  Reaction  rates 

Excitations  and  deexcitations 
Disturbed  atmosphere 
Quiescent,  atmosphere 


2 ABSTRACT  (Contlnum  on  rmvmrmm  mldm  It  nmcammary  and  Idmntlty  by  block  numbmr) 

A review  of  the  excitation  and  deexcitation  processes  relevant  to  the  disturbed  and  the  quiescent 
upper  atmosphere  is  presented  along  with  the  current  reaction  rate  coefficients. 

IV 


DD  1473  EDITION  OP  I NOV  SS  IS  OBSOLETE 

S/N  0101-OI.-S60I  i 


SECURITY  CLASSIPlCATlON  OP  THIS  PAOf  ( 


70  0 3 0 8 015 


SfcCURlTV  CLASSIFICATION  OF  THIS  PACE  (Whmn  Data  Entara*) 


18.  Supplementary  Notes  (Continued) 

♦Wayne  State  University,  Detroit,  Michigan 
♦*R&D  Associates,  Marina  del  Rey,  California 
fUniversity  of  Western  Ontario,  London,  Ontario,  Canada 


ACCESSION  for 

NTIS  White  Sectloa 

DOC  Buff  Sectioa  O 

UNANNOUNCED  {3 

JUS’ I ICATION  . 


security  classification  of  this  fa oer*»«"  omn  tmtma 


CONTENTS 


1.  INTRODUCTION  1 

2.  EXCITATION  MECHANISMS  2 

2.1  PHOTOABSORPTION  2 

2.2  CHARGED  PARTICLE  IMPACT  3 

2.3  CHARGE  EXCHANGE  AND  ION-MOLECULE  REARRANGEMENT  PROCESS  . 3 

2.4  NEUTRAL  PARTICLE  AND  NEUTRAL  PARTICLE  REARRANGEMENT 

COLLISIONS  4 

2.5  DISSOCIATIVE  RECOMBINATION  5 

2.6  DEEXCITATION  PROCESSES  5 

3.  LIFETIMES,  EMISSIONS  AND  ENERGY  STORED  IN  THE  EXCITED 

STATES  5 

4.  EXCITATIONS  AND  DEEXCITATIONS  IN  N2 8 

4.1  EXCITATIONS  AND  DEEXCITATIONS  OF  N,  GROUND  STATE 

VIBRATIONAL  LEVELS  8 

4.2  EXCITATION  AND  DEEXCITATION  OF  THE  (A3Z£)  STATE  ....  13 

4.3  HIGHER-LYING  STATES  IN  NITROGEN 15 

4.4  EXCITATIONS  AND  DEEXCITATIONS  OF  N2  STATE 16 

4.4.1  EXCITATIONS  AND  DEEXCITATIONS  OF  B2S  STATE 16 

4.4.2  EXCITATION  AND  DEEXCITATION  OF  A2tt  STATE 18 

5.  EXCITATIONS  AND  DEEXCITATIONS  IN  N 21 

6.  EXCITATIONS  IN  24 


111 


7.  EXCITATIONS  AND  DEEXCITATIONS  IN  02 25 

7.1  GROUND  STATE  VIBRATIONAL  EXCITATIONS  OF  O2 25 

7.2  ELECTRONIC  EXCITATION  IN  02 26 

7.2.1  EXCITATION  OF  O^A) 26 

7.2.2  EXCITATION  OF  bxS  29 

7.2.3  EXCITATIONS  OF  02  (A3 2)  STATE 31 

8.  EXCITATION  AND  DEEXCITATION  IN  ATOMIC  OXYGEN 31 

8.1  EXCITATIONS  AND  DEEXCITATIONS  OF  0(1D)  32 

8.2  EXCITATIONS  AND  DEEXCITATIONS  OF  0(1S) 36 

9.  EXCITATIONS  AND  DEEXCITATIONS  IN  0+ 39 

10.  EXCITATION  BY  PROTON  IMPACT 41 

11.  METALLIC  SPECIES 44 

12.  REACTION  RATES  FOR  REACTIONS  INVOLVING  EXCITED  STATES  . 45 

13.  REFERENCES 46 


lv 


UPPER  ATMOSPHERIC  EXCITATION  PROCESSES 

1.  INTRODUCTION 

The  atmosphere  from  the  sea  level  to  higher  altitudes  1000  km) 
is  an  arena  where  large  number  of  physical  and  chemical  reactions  occur 

almost  on  a continuous  basis.  These  reactions  are  due  to  the  natural  \ 

response  of  the  atmosphere  as  it  absorbs  energy  from  the  sun  under 

quiet  or  disturbed  conditions.  Disturbed  atmospheric  conditions  arise  i 

from  sun  flares,  electron  and  proton  precipitations,  and  man  made  explo- 
sive devices.  The  absorption  of  energy  by  the  constituents  of  the  at- 

mosphere  results,  generally,  in  a large  number  of  excited  states;  these  ' 

excited  states  are  either  radiative  with  short  lifetimes  or  metastable.  i 

They  are  neutral  and  ionic  and  are  atomic  and  molecular  in  nature. 

They  all  play  an  important  role  in  the  atmosphere  in  the  ultimate  de- 
gradation of  the  energy  absorbed.  The  excited  metastable  species  play 
significant  roles  in  the  physics  and  the  chemistry  of  the  atmosphere. 

This  report  deals  with  the  excitation  and  deexcitation  of  the  at- 
mospheric species  by  discussing  their  internal  degrees  of  freedom  and 
the  mechanisms  responsible  for  their  excitations.  The  report  also  pro- 
vides the  appropriate  and  current  rate  coefficients  for  the  excitations 

I 

considered.  It,  therefore,  puts  certain  emphasis  on  excitated  states 
and  their  reactions  in  the  quiescent  and  disturbed  atmosphere.  The 
role  of  the  excited  state  reactions  in  laboratory  as  well  as  in  the  at- 

Note:  Manuscript  submitted  November  27,  1978. 
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mosphere  were  considered  previously  to  be  of  minor  consequence  relative 
to  ground  state  reactions.  However,  it  is  now  recognized  that  both  in 
the  laboratory  and  the  atmosphere  small  numbers  of  excited  metastable 
species  can  have  large  effects  on  total  reaction  rates  and  consequently 
affect  the  steady  state  conditions  as  well  as  the  relaxation  of  highly 
disturbed  conditions. 

The  role  of  specific  excited  states  in  the  quiescent  and  disturbed 
atmosphere,  and  in  the  laboratory  work,  has  been  considered,  in  part, 
in  many  journal  articles  and  books1  15.  Excited  state  species  and  their 
energy  transfer  to  other  species  have  attracted  further  attention  with 
the  advent  of  lasers16.  Recent  studies  have  depicted  the  role  of  ex- 
cited states  in  specific  parts  of  the  atmosphere,  e.g.,  the  stratos- 
phere  , and  the  quiescent  ionosphere  . tore  general  considerations 

to  the  role  of  excited  states  in  the  atmosphere,  as  a whole,  under  qui- 

19  20 

escent  and  disturbed  conditions  have  also  appeared  ’ . 

2.  EXCITATION  MECHANISMS 

The  excitation  of  the  radiative  or  metastable  states  can  proceed 
through  Several  well  known  physical  processes.  These  processes  are 
presented  below  with  specific,  but  not  exhaustive,  examples. 

2.1  PHOTOABSORPTION 

We  use  this  term  broadly  to  include  the  photodissociation,  disso- 
ciative ionization,  photoionization  as  well  as  absorption  resulting  in 
electronic  and  vibrational  excitation: 

hi/  + - 0 + 0*  (1) 

* + 

hy  + Qj  “*  0 + 0 + e 
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(2) 


(3) 


h/  + Kfe  - N>+  (X,A,B)  + e 
hi/  + 0 (3P)  - (3S)  (4) 

bv  + NO  - NO*  (5) 

The  notations  used  here,  which  will  be  utilized  hereafter,  are  as 
follows:  The  excited  species  are  designated  by  a star  whenever  the 
state  is  not  specifically  identified.  For  the  vibrational  excitation, 
the  symbol  * is  used.  Furthermore,  whenever  the  state  of  a species  is 
not  given,  its  ground  state  is  implied. 

2.2  CHARGED  PARTICLE  IMPACT 

This  includes  the  electron  and  the  proton  impact  excitations  and 
are  very  similar  in  nature  to  the  photoabsorption  processes  discussed 
in  section  1.1,  that  is: 


e + Q,  - 0 + 0* 

(6) 

e + Q,  - 0+  + 0*  + 2e 

(7) 

e + N,  ^ (X,A,B)  + 2e 

(8) 

e + NC*S)  - NC*P)  + e 

(9) 

e + -*  + e 

(10) 

2.3  CHARGE  EXCHANGE  AND  ION-MOLECULE  REARRANGEMENT  PROCESS 

Charge  exchange  processes  which  result  in  the  production  of  excited 
states,  of  interest  to  this  chapter,  are  generally  exothermic  in  nature. 
For  our  purposes  we  give  examples  of  resonant  and  non-resonant  assyme- 
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trie  reactions,  e.g., 


0+(2D)  + N,  - j£  (A,v)  + 0 

(11) 

+ N - N+  + 

(12) 

In  Reaction  (12) , the  ercess  energy  may  end  up  in  other  degrees  of 
freedom  of  the  reaction  products,  such  as  kinetic,  vibrational  or  elec- 
tronic mode. 

The  ion  molecule  rearrangement  processes  are  also  exothermic,  and 
the  excess  energy  of  the  reaction  can  be  partitioned  into  other  degrees 
of  freedom  of  the  reaction  products.  An  example  of  ion-molecule  re- 
arrangement reaction  is : 

0+  + - N0+  + N (13) 

2.4  NEUTRAL  PARTICLE  AND  NEUTRAL  PARTICLE  REARRANGEMENT  COLLISIONS 
Excitation  under  this  general  category  arises  from  collisions  be- 
tween atoms,  atoms  and  molecules  where  the  translational  energy  is  con- 
verted into  vibrational  or  electronic  modes  of  the  collision  products, 
e.g.: 

0 + Jfj  - ^ + 0 (14) 

or  when  the  internal  energy  of  an  excited  neutral  is  transferred  to  the 
other  partner  by  exciting  its  electronic  and  or  vibrational  modes,  e.g. 
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(15) 


0OD)  + N - N*  + 0(3P) 

2 2 

0(*D)  + 0 - Of3?)  + 0 (b*E,  V&2)  (16) 

2 2 

The  neutral  particle  rearrangement  collisions  lead  into  excitations  of 
the  reaction  products  in  the  same  manner  as  above,  however,  the  reac- 
tion products  are  different  due  to  atom- atom  interchange,  e.g.: 

N(2D)  + 0g  - NO*  + 0 (17) 

2.5  DISSOCIATIVE  RECOMBINATION 

The  dissociative  recombination  of  molecular  ions,  especially  the 
atmospheric  ions,  produce  excited  state  species,  e.g.: 

N*  + e - N(‘*S)  + N(2D) 
and  N0+  ♦ e - N^)  + 0(3P) 

2.6  DBEXCITATIQN  PROCESSES 
The  deexcitation  of  an  excited  state  follows,  in  principle,  the 

inverse  process  of  the  excitation  and  its  rate  coefficient  is  obtained 
from  the  excitation  rate  coefficient  through  the  principle  of  detailed 
balance. 

3.  LIFETIMES,  EMISSIONS  AND  ENERGY  STORED  IN  THE  EXCITED  STATES 

The  dominant  neutral  species  of  the  quiescent  atmosphere  are:  N^  , 


(18) 

(19) 
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0^  , and  0 . There  are  a large  . jnber  of  minor  species,  however. 

Those  most  relevant  to  the  purposes  of  this  chapter  are:  CO  , OHO, 
OH,  NO  and  N02  . During  the  quiescent  and  the  disturbed  atmosphere, 
ionic  species  will  be  present  and  their  densities  clearly  depend  on  the 
altitude  and  the  strength  of  the  disturbance.  Additionally,  a large 
number  of  excited  states  appear  under  disturbed  and  undisturbed  condi- 
tions, they  store  part  of  the  incident  energy  which  in  turn  is  emitted 
in  various  spectral  wavelengths,  transferred  into  kinetic  and  or  vibra- 
tional degrees  of  freedom. 

The  atmospheric  species  and  their  excited  states,  especially  the 
metastable  states,  are  given  in  Table  1.  This  table  gives  the  excita- 
tion energies,  lifetimes  and  the  references  relevant  to  the  atomic  data 
for  each  species.  For  lifetimes  it  is  necessary  to  distinguish  between 
the  effective  lifetime,  re  , which  allows  for  collisional  deexcitations 
and  the  collision  free  radiative  lifetimes,  tq  . These  lifetimes  are 
related  through  the  reactive  collision  frequency. 


1_ 

Te 


= =-  + ?,  k^nj 

To  1 


(20) 


where  k^  is  the  rate  coefficient  (on*3  sec  "*)  by  which  the  excited 
species  inelastically  scatter  from  another  species  of  density  n^ 

(cm-3  ) . Much  of  what  is  known  about  radiative  lifetimes  of  the  longer 
lived  species  is  summarized  in  Table  1. 

Grotrian  energy  diagrams  of  the  atmospheric  species  of  interest 
are  given  in  Figures  1 and  2.  In  energy  transfer,  resonance  or  near 
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resonance  reactions  can  play  a significant  role  depending  upon  the  de- 


tails of  potential  energy  surface  associated  with  the  interaction  con- 


sidered 


12,21-24 


In  Table  1,  the  excited  state  species  are  predominantly  electronic 
in  nature.  However,  the  ground  state  vibrational  excitations  of  major 
and  minor  atmospheric  species  play  an  equally  important  role  in  the 
mission  and  the  degradation  of  the  energy  absorbed.  The  relevant  data 
for  the  vibrational  modes,  energy  spacings,  emitted  radiation  and  their 
transition  rates  are  presented  in  Table  2. 
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4.  EXCITATIONS  AND  DEEXCITATIONS  IN  N, 

4.1  EXCITATIONS  AND  DEEXCITATIONS  OF  N,  GROUND  STATE  VIBRATIONAL  LEVELS 
An  appreciable  amount  of  the  energy  deposited  in  the  atmosphere 
comes  to  rest  in  the  vibrational  excitation  of  nitrogen.  This  excita- 
tion arises  through  several  physical  and  chemical  processes  which  are: 
the  radiative  transitions  from  higher- lying  excited  states^,  e.g.: 

N>  (^£,v)  - N.fX^.v)  + hi>,  (21) 

6 7 

chemical  reaction  ’ , e.g.: 

NO(^JT)  + N(4S)  - N,  (X*E*  v > 0 + 0(3P)  (22) 

^ g 

energy  transfer^’^  ^ , e.g.: 

0 C *D)  + N>  (X'Lg,  v=0)  - O^)  + N,  (X‘Sg,v  > 0)  (23) 

88  89 

and  by  electron  impact  ’ , e.g.: 

e + N,  (X1^,  v=0)  -*  e + N,  (X^.v)  (24) 

90 

This  last  process  is  very  efficient,  with  a large  cross  section  , and 

88  89  91~93 

has  attracted  considerable  experimental  ’ and  theoretical  in- 

93 

vestigations.  One  of  these  calculations  reproduces  the  experimental 

94 

results  very  satisfactorily  . The  ground  state  vibrational  excitation 

gg_Q2  p 

arises  through  a temporary  negative  ion  , Ng  (tt),  which  in  turn 
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decays  into  eight  individual  vibrational  states  (v=l"*8) . These  individ- 
ual cross  sections,  excited  by  electron  impacts,  have  been  resolved  ex- 
88 

perimentally  , as  a function  of  the  energy  of  the  incident  electron. 

The  deexcitation  of  the  vibrational  levels  by  electrons  have  also  been 
95 

observed  . To  obtain  the  excitation  rate  coefficients,  these  cross 
88 

sections  have  been  integrated  with  the  electron  velocity  over  an  elec- 

96 

tron  Maxwellian  velocity  distribution  . These  rates,  shown  in  Figure 

3 are  also  given  in  Table  3.  Similar  rates  have  been  obtained  by 
97 

others  . Thus,  to  calculate  the  energy  deposited  by  electrons  in  the 

vibrational  mode  of  N, , one  must  consider  the  threshold  energies  for 

each  individual  level  and  not  the  threshold  energy  for  the  temporary 

98  99 

negative  ion  as  done  by  sane  workers  ’ 

A number  of  chemical  reactions  have  been  reported  in  which  vibra- 
tional excited  products  have  been  identified1"^’1®®  ^ , however.  Re- 

fS  7 Rfi 

action  (22)  is  the  only  one  thus  far  studied  in  detail  ’ ’ which  gives 

N*  as  a product.  One  fourth  of  the  exothermic  energy  of  Reaction  (22)  is 

86 

converted  into  vibrational  energy  . 

As  for  the  vibrational  excitation  through  the  energy  transfer  from 
0( *D) , it  was  speculated  earlier1®  that  a significant  amount  of  0(1D) 
energy  will  be  transferred  to  , especially  since  the  excitation  ener- 
gy of  0(*D)  coincides  with  the  excitation  of  (x,  v=7) . This  near 

resonance  concept  has  been  utilized  in  the  calculation  of  the  vi- 

85 

brational  temperature  in  the  ambient  atmosphere  . However,  because  of 
the  significance  of  this  energy  transfer.  Reaction  (23)  has  been  stud- 

87  OT  Oil  0*7 

ied.  by  several  workers  ’ ' ’ . The  most  recent  experimental  analy- 
sis®7 indicate  that  only  30%  of  the  internal  energy  of  0( *D)is  trans- 
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ferred  to  N,  as  vibrational  energy. 

The  vibrational  excitation  of  N,  through  the  radiative  cascade  (Re- 
action 21)  clearly  depends  on  the  excitation  of  the  (A3^)  state  and 
the  population  densities  of  its  vibrational  levels.  Transitions  from 
these  vibrational  levels  to  the  ty,  ground  state  vibrational  levels  will 

contribute  to  the  total  vibrational  energy  of  N . 

2 

The  deexcitation  of  the  vibrational  energy,  in  principle,  should 
follow  the  reverse  of  the  excitation  processes  discussed  earlier.  Thus, 
the  deexcitation  by  electron  impact  through  the  superelastic  collisions 
can  be  calculated  from  the  corresponding  excitation  rates,  given  in 
Table  3,  via  the  principle  of  detailed  balance.  Vibrationally  excited 
molecules,  however,  transfer  their  energies  to  the  vibrational  levels 
of  other  molecules  through  energy  transfer  (vibration- vibration,  W)  or 
to  the  kinetic  energy  of  molecules  or  atoms  (vibration-translation,VT) . 
These  W and  VT  quenching  processes  are  thought  to  be  well  understood* 
103  106.  According  to  Callear*^5,  the  N,  (v=l-»0)  transition,  at  room 
temperature , requires  10^  collisions.  However,  the  number  of  collisions 
required  for  V-T  transfer  is  considerably  less  when  the  relaxation  pro- 
ceeds via  the  atom  exchange*^17  ****.  The  probability  of  vibrational  en- 
ergy transfer  increases  with  increasing  temperature  and  decreasing  vi- 
brational spacings.  Usually  the  deexcitation  of  higher  vibrational 
levels  is  a step  by  step,  ladder-descending  process.  F r most  condi- 
tions Av  « + 1 but  for  higher  levels  and/or  high  kinetic  temperatures , 
transitions  with  Av>  1 can  also  occur1**"**^. 

The  VT  data  for  many  molecules  have  been  sumnarized  by  Millikan 
113 

and  White  . Data  for  vibrational -transitional  energy  transfer  are 
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usually  presented  as  a relaxation  time-pressure  product,  pr,  where  t is 
the  e- folding  time  of  the  vibrational  energy,  c,  according  to 


3F  = T [Ceq  ' C] 


at  constant  translational  temperature  and  in  the  absence  of  sources. 

The  rate  constant  can  easily  be  obtained  from  the  pr  product,  such  that 


k = (PrM)'1 


where  M is  the  density  of  the  deactivating  agent  at  pressure,  P.  Fur- 
thermore, the  rate  constant  for  the  deexcitation  of  the  first  vibration- 
al level  is 


k M 
10 


- T(l-( 


-hi//kT, 


where  hi/  is  the  vibrational  energy  spacing.  For  higher  vibrational 
level  deexcitations,  on  the  other  hand,  one  may  utilize  the  following 
relation : 


k(v=n)  = n K(v=l)  = n k 


The  quenching  of  the  vibrational ly  excited  N by  oxygen  atom 
have  been  measured  over  a wide  range  of  kinetic  temperature11-1" 11(*  in- 
dicating that  oxygen  is  an  effective  quencher.  Furthermore,  the  meas- 
*k  in  Equation  (27)  is  the  usual  Boltzmann  constant. 
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ured  deexcitation  rate  at  low  kinetic  temperatures  exceeds  considerably 
117 

the  calculated  rate 

The  vibrational -vibrational  energy  transfer  to  other  atmospheric 
molecules,  are  either  non-resonant  or  near  resonant  processes.  As  a de- 
excitation mechanism  for  the  vibrational  energy  of  the  process  ex- 
cites vibrational  modes  of  other  molecules.  This  transferred  energy 
results  in  infrared  radiation  whenever  the  molecule  that  acquires  the 

energy  has  a permanent  dipole  moment.  The  N vibrational  energy  trans- 

118 

fer  to  CO  is  well  known  from  the  advent  of  the  CO  laser  . For  the 
z 2 

quiescent  and  disturbed  atmosphere,  the  VT  and  W energy  transfer  rate 
processes  from  to  other  atmospheric  "species"  are  presented  in  Table 
4. 


The  deexcitation  of  the  vibrational  energy  through  the  energy 
transfer  to  electronic  excitations  of  atoms  is  also  possible.  Hunten 
.has  argued  that  the  excitation  of  the  Sodium  D-line  in  auroras  below 
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100  Km  is  likely  to  be  the  result  of  energy  transfer  from  vibrationally 

• . . 12^ 
excited  nitrogen.  This  reaction  has  been  observed  in  the  laboratory 

and  the  cross  section  has  been  measured1^  as  10"15  ai?  , although  it  is 

doubtful  that  vibrationally  excited  nitrogen  exists  below  the  turbo- 

naiJ3,125-127 
pause  ’ 


The  emphasis  on  the  vibrational  temperature  stems  from  the 
fact  that  the  degree  of  vibrational  excitation  significantly  affects 
certain  reactions,  the  most  important  of  which  is 


N*(Xl2,v)  + oVs)  - N0+  + N(“*S) 


(29) 
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128  129 

This  reaction  depends  upon  the  vibrational  temperature  * as  well  as 

130 

the  ion  kinetic  temperature  and  plays  an  important  role  in  the  deio- 
nization process  of  the  quiescent  and  the  disturbed  ionosphere.  It  was 

128 

suggested  earlier  by  Schmeltekoff , et  al  , that  Reaction  (29)  would 

enhance  the  loss  of  electrons  in  the  ionosphere,  due  to  the  enhanced 

formation  of  N0+.  Several  workers  have  shown  that  this  is  the  case  in 

the  quiescent  ionosphere,  the  auroral  arcs  (see  for  example  Refs.  84, 

133 

85,125,126,131  and  132)  and  atmospheres  disturbed  by  nuclear  bursts 

Finally  the  processes,  discussed  above,  that  control  the  vibra- 
tional excitation  as  a function  of  altitude  are  shown  in  Figure  4. 

125  126 

These  rates  are  obtained  ’ using  atmospheric  densities  given  in 
Ref.  134. 

4.2  EXCITATION  AND  DEEXCITATION  OF  THE  (A3£*)  STATE 

The  nitrogen  molecule  possesses  a number  of  triplet  states,  e.g., 

A3S,  E?t r,  drr,  etc.  which  can  be  excited  from  the  ground  state  of  the 

135-144  j 

molecule  by  electron  impacts  . The  ATS  state  at  6.2  eV  is  the 

lowest  of  the  electronic  states  and  is  metastable  with  a lifetime  of  1 
31 

sec  . Its  emission  consists  of  the  well  known  Vegard-Kaplan  band 
system.  In  addition  to  its  excitation  by  electron  impact  from  the 
ground  state  of  the  molecule,  it  can  be  populated  by  cascade  from  high- 
er-lying triplet  states,  especially  from  $tr  and  C fir  states.  The  elec- 
tron impact  excitation  cross  sections  of  these  triplet  states  have  been 
calculated145,146.  Measured  cross  sections  exist  for  A3£  state159,140, 
$ n state159  142,and  state129,142’144.  However,  the  shapes  and 

the  peak  values  of  these  cross  sections,  whether  experimental  or  theo- 

. . 147 

retical,  are  not  in  good  agreement  with  each  other  . A case  in  point 
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is  the  peak  cross  section  of  the  A3£  state  with  values  of  5.25  (Ref.  140), 

3.00  (Ref.  139),  12.00  (Ref.  146)  and  15  (Ref.  145)  in  units  of  10'15 

ai?  . However,  using  the  average  of  the  experimental  cross  sections  as 

a limit,  the  rate  coefficient  for  the  electron  impact  excitation  of  the 

A*L  state  is  given  in  Figure  5.  This  rate  is  obtained^  using  the 

145 

calculated  cross  section  averaged  with  the  electron  velocity  over  a 
Maxwellian  electron  velocity  distribution. 

The  significance  of  the  A*E  state  is  apparent  in  the  highly  dis- 
turbed atmosphere  and  in  the  auroral  displays.  Apart  from  the  electron 
impact  excitation  and  cascade  from  higher  triplet  states,  the  follow- 
ing near  resonant'  charge  exchange  transfer  reaction  should  be  consider- 
ed in  the  excitation  of  the  A3£  state 

N+(X)  + NO  - N (A)  + N0+  (30) 

This  reaction  has  a measured  rate  coefficient^^  ^ of  3.3  X 10“ 10  cm3 
sec'1 . 

The  deexcitation  of  the  A3E  state  proceeeds  through  the  superelas- 
tic collisions  with  electrons,  and  by  quenching  collisions  with  atmos- 

152  153 

pheric  species.  Quenching  by  the  ground  state  nitrogen  is  small  ’ 

154 

However,  it  has  been  observed  that  nitrogen  atoms  effectively  quench 
the  A- state  through  atom  interchange: 

* 

N + N (A)  - N (X)  + N (31) 

In  the  atmosphere,  on  the  other  hand,  Hunton  and  McElroy10  have  found 
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that  oxygen  atoms  could  provide  the  necessary  quenching.  Most  recently 
Vallance  Jones  and  Gattingerf^  have  obtained  the  A- state  quenching  by 
oxygen  atom  in  the  aurora  with  a rate  coefficient  of  7.5  X 10"11  erf  for 
v=o  level.  Part  of  the  A- state  quenching  by  oxygen  results  in  the  exci- 
tation of  the  0( *S)  state,  according  to: 

N (A)  + 0 - N (X)  + 0(*S)  (32) 

with  a rate  coefficient"^  of  3 X 10'12  erf  sec'1 . Metallic  species 

like,  Na,  Fe,  Hg,  Ba,  etc.  are  also  effective  quenchers  for  the  A-state 

11  157  158 

through  Penning  ionization  ’ * . Finally  a summary  of  available 

quenching  date  for  rfE  state  by  atmospheric  species  is  given  in  Table  S. 
4.3  HIGHER-LYING  STATES  IN  NITROGEN 

Among  the  many  other  metastable  states  of  nitrogen,  only  one 
more  state,  the  a*n  state  will  be  discussed.  This  state  with  a life- 
time of  0.1  msec,  has  attracted  some  theoretical^^  and  considerable 
experimental^^ attention  concerning  its  excitation  cross 
section  by  electron  impact.  The  most  recent  electron  impact  excitation 

cross  section1*^  for  a*n  state  agrees  very  well  with  an  earlier  measure- 
140 

ment  from  threshold  up  to  incident  electron  energy  of  40  eV.  The 
excitation  threshold  for  aln  state  is  8.5  eV  which  coincides  with  a me- 

■I 

tastable  state  observed  by  Cermak  to  lead  to  associative  ionization 
of  the  type 

N*  + NO  -*  N N0+  + e (33) 

2 2 
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However,  the  product  N NO  has  not  been  identified  as  yet  in  the  D-re- 
gion  mass  spectral  studies. 

4.4  EXCITATIONS  AND  DEEXCITATIONS  OF  N+  STATES 

2 

4.4.1  EXCITATIONS  AND  DEEXCITATIONS  OF  STATE 

The  3914  A band,  which  corresponds  to  the  (0,0)  transition  of  the 
first  negative  bands  system  (!?!>♦)?£) , is  one  of  the  strongest  emissions 
in  the  aurora,  twilight  glow,  day  glow  and  in  the  highly  disturbed  at- 
mosphere. The  primary  sources  of  excitation  of  N+ state  in  the 
ionosphere  are  the  ionization  of  N^  by  solar  radiation  , 


N + hy(>18. 7 eV)  - N+(#S)  + e 


by  energetic  electrons 


N + e - N+(I?E)  + 2e 
2 2 


and  resonance  scattering  of  solar  radiation169  at  3915  A off  ambient 

N+  ions: 

2 


N+  + - N+(I?£) 

p A p 


To  these  one  must  add  the  electron  impact  excitation  from  the  ground 

170 

state  of  the  ion,  especially  by  low  energy  electrons  : 


N+  + e * N+(#E)  + e 
2 2 
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In  auroras,  only  Reaction  (35)  is  likely  to  be  an  important  source  of 
excitation.  Indeed  the  efficiency  of  converting  the  electron  energy  in- 
to (0,0)  transition  in  air  via  fe act ion  (35)  is  constant  and  has  a value 

177  q 

of  5.2  X 10  , independent  of  electron  energy  above  100  eV,  and 

plays  an  important  role  in  determining  the  auroral  strength.  In  highly 
disturbed  atmosphere,  on  the  other  hand,  Reactions  (34)  and  (37)  are  im- 
portant excitation  sources  in  addition  to  Reaction  (35).  The  electron 
inpact  ionization  cross  section  leading  to  N*(B,  v=o)  as  one  of  the  few 

ionization  continua  of  N (Reaction  35)  has  been  measured  by  many  in- 
172-175 

vestigators  and  is  well  established.  Using  the  measured  cross- 

173 

section  , averaged  with  the  electron  velocity  over  an  electron  Max- 
wellian velocity  distribution,  the  electron  inpact  excitation  rate  co- 

148 

efficient  for  (0,0)  band  is  obtained  , and  is  given  in  Figure  6.  The 

excitation  cross  section  for  the  (0,0)  band  emission  from  the  ground 

170  176  177 

state  of  the  ion  has  . Iso  been  measured  ’ ’ . However,  there  is 

1 7fl  i 7* 

a large  disagreement  ,ng  the  first  two  measurements  ’ and  the 

177  170 

most  recent  one  . The  peak  cross  sections  by  Lee  and  Carlton  , and 

1 76 

Dashchenko,  et  alA  , are  44  and  22  times  as  large  as  that  measured  by 
177 

Crandall,  et  al  .A  rate  coefficient  measurement  for  the  excitation 
178 

of  (0,0)  transition  indicated  that  the  Lee  and  Carlton  cross  section 
170 

may  be  large  by  a factor  of  40.  This  makes  the  recently  measured 

cross  section  perhaps  the  most  reliable.  The  corresponding  electron 

impact  excitation  rate  coefficients  is  presented  in  Figure  6 obtained 

177 

from  the  deexcitation  rates  of  Crandall,  et  al 

One  of  the  important  deexcitation  processes  of  N* (B,v=o)  state 


17 


is  its  quenching  by  N . The  quenching  cross  section  by  N^  has  been 
measured  ’ ’ , and  the  corresponding  rate  coefficient  for  thermal 

temperatures  is  ~ 4.4  X 10  10  art* /sec.  In  a highly  ionized  medium,  how- 
ever, the  superelastic  collisions  of  the  B- state  with  electrons  will 

constitute  an  additional  source  for  its  deexcitation.  Wallace  and  McEl- 
181 

roy  have  discussed  the  relative  importance  of  the  preceeding  reac- 
tions on  the  3914  A emission  in  the  quiescent  ionosphere.  They  show 
that  above  100  to  150  km,  resonance  scattering  is  the  major  source  of 
3914  A radiation.  At  higher  densities,  however,  resonance  charge  ex- 
change such  as 

N*(I?L)  + 02(^E)  - N (X*E)  + oJ'Cb^E)  (38) 

may  be  significant.  Reactions  of  this  type  would  produce  additional 
02+  (tr*aj  first  negative  band  emission  and  0+  (a* it ) metastable  ions.  Be- 
cause of  the  near  resonance  nature  of  the  reaction,  it  may  proceed  at  a 

faster  rate  in  comparison  with  the  charge  exchange  with  N+  in  its  ground 

2 

182 

state.  More  recently,  Sharp  has  analyzed  the  twilight  air  glow  from 
rocket  measurements  and  pointed  out,  not  unexpectedly,  that  901  of  the 

o ^ 

3914  A emission  is  due  to  solar  photon  scattering  off  Ng  (X) , while  so- 
lar photoionization  leading  to  state  produces  less  than  10%  of  the 
emission. 

4.4.2  EXCITATION  AND  DEEXCITATION  OF  /Fir  STATE 

The  excitation  of  the  /Fir  state  of  N+,  which  results  in  the  well 

2 

known  Meinel  band  emission  (A-*X),  in  the  aurora,  ambient  and  disturbed 
ionosphere,  proceeds  through  the  same  mechanisms  as  those  for  N*  (B) 
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state.  However,  an  additional  excitation  source  via  the  near  resonance 
charge  exchange: 


0+(2D)  + N - N*(A,  v=l)  + 0 (39) 

107  184 

has  been  advanced  by  Omholt  . Hunten  has  observed  that  (1,0)  and 
(1,2)  bands  of  the  Meinel  system  often  have  anomalously  high  intensities 
in  the  aurora,  which  could  be  attributed  to  the  preferential  excitation 
of  the  first  vibrational  level  according  to  Reaction  (39) . Reaction  (39) 
is  one  of  the  important  deionization  processes  that  transfers  an  atomic 
ion  into  a molecular  one.  The  dissociative  recombinations  of  the  atmos- 
pheric molecular  ions  with  electrons  proceed  much  faster  than  the  atomic 

ion  radiative  recombination.  Hie  cross  section  for  Reaction  (39)  has 
185 

been  measured  and  is  quite  large,  since  it  is  a near  resonant  pro- 

“9  3 

cess,  leading  to  a reaction  rate  coefficient  ~ 10  cm  /sec. 

Observations  of  the  normal  auroras  indicate  that  the  Meinel  band 

186 

system  is  one  of  the  strongest  emissions  which  have  been  also  detec- 
187 

ted  in  day  glow  . The  electron  impact  ionization  cross  section  lead- 
ing  to  Kit  state  has  been  measured  . Using  currently  available  data 
on  excitation  cross  sections,  transitions  and  quenching  rates.  Cart- 
wright,  et  al  , have  calculated  the  auroral  emission  of  the  Meinel 
band  relative  to  that  of  the  first-negative  bands  system.  Comparison 
of  these  calculations  with  the  measured  data  is  in  reasonable  accord. 

The  excitation  of  the  Meinel  band,  by  electron  impacts  from  the 
ground  state  of  the  ion,  have  not  been  measured.  This  process  becomes 
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important  in  highly  disturbed  atmosphere  as  a cooling  process  for  the 
electrons . 

The  deexcitation  processes  of  the  Meinel  band  system  should  pro- 
ceed through  superelastic  collisions  with  low  energy  electrons  and  via 

quenching  by  N and  0 . The  quenching  rate  of  the  A- state  vibrational 

188  190  191 

levels  by  N and  0 have  been  measured  by  several  workers  ' ’ 

2 2 

However,  the  agreement  between  their  results  is  not  good.  Average 
values1*^  for  quenching  of  v=l  level  by  and  0^  are  4.5  X 10  10  cn?  /sec 
respectively. 

The  charge  transfer 

N+(A)  + 0 - N + 0+(aHw)  (40) 

2 2 2 2 

may  be  another  loss  mechanisms  of  the  J? n state  since  the  reaction  is  a 
near  resonance  one. 

Other  excited  states  of  N+  have  been  observed,  especially  the  me- 

2 

, , 49  292 

tastable  states  TI  and  HA.  These  states  have  been  found  ' to  form 

N*  through  the  reaction: 

N+(*E  or  **A)  + N - N+  + N (41) 

2 2 3 

Finally,  it  should  be  remarked  that  the  electron  inpact  excita- 
tion of  molecular  nitrogen  and  oxygen  do  not  populate  the  vibrational 
levels  according  to  the  Franck-Condon  factors.  Studies  near  ionization 
threshold193'194  show  that  vibrational  levels  are  produced  indirectly 
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via  autoionizing  states.  The  importance  of  autoionization  can  be  seen 

in  the  case  of  N+(X)  where  the  Franck- Condon  ^actors  for  transitions 
2 

from  N fX,  v=o)  to  N (X,v)  decrease  by  nearly  an  order  of  magnitude  for 
each  successive  vibrational  level  of  the  ion,  while  for  electrons  with 
energy  not  far  above  the  ionization-potential,  Fineman,  et  al195,  have 
demonstrated  that  the  populations  of  the  v=o  and  v=l  levels  are  nearly 
equal. 

5.  EXCITATIONS  AND  DEEXCITATIONS  IN  N 

The  nitrogen  atom  has  two  low-lying  metastable  states  of  interest 
These  are  N(2D)  and  N(2P)  and  are  excited  through  several  mechanisms. 

The  N(2D)  state  which  is  the  upper  level  for  the  5200  A day  glow  is  ex- 
cited by  the  dissociative  recombinations 

N+ (X)  + e - N(4S)  + N(2D)  (42) 

and 

N0+(X)  + e - N(2D)  + 0 (43) 

The  branching  ratios  of  th6se  reactions  have  recently  been  calculated. 
Michels'  calculations196  show  that  the  products  of  the  N0+  dissociative 
recombination  are  ~ 100%  N(2D)  and  100%  N(4S).  N(2D)  and  N(2P)  are  ex- 
cited by  electron  impacts  from  the  ground  state  of  the  nitrogen  atom, 
its,  that  is 


e ♦ N(4S)  - N(2D,  2P)  + e 


(44) 
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199-203 

The  cross  sections  for  these  excitations  have  been  calculated 

203 

However,  the  most  recent  calculation  is  the  most  accurate,  since  it 
considers  many  relevant  factors  such  as  polarization  of  the  target,  high- 
er lying  configurations,  etc.,  which  were  neglected  by  previous  calcula- 

203 

tions.  Using  these  cross  sections  , the  excitation  rate  coefficients 

204 

for  the  low  lying  levels  of  nitrogen  atom  has  been  obtained  for  a 
Maxwellian  electron  velocity  distribution.  These  rate  coefficients  are 
presented  in  Figure  7 as  a function  of  the  electron  temperature  and  are 
tabulated  in  Table  6 with  the  corresponding  deexcitation  rate  coeffi- 
cients . 

Several  charge  exchange  and  ion -atom  interchange  reactions,  in 

ambient  and  highly  disturbed  ionosphere,  also  produce  N(2D)  and  N(2P). 

205 

Below  is  a few  examples  taken  from  a larger  set  of  reactions  where 
only  exothermic  processes  were  considered  in  addition  to  the  condition 
of  the  conservation  of  the  total  spin: 

N+(2X)  + 0(3P)  - NOVS)  + N[2D,2P]  (45) 

2 

N*(2x)  + 0(XD)  - N0+(‘E)  + n[2D,2p]  (46) 

N+(3P)  + 02  (^)  - 0* (*tx ) + N(2D)  (47) 

206 

From  Atmospheric  Explorer  data  analysis.  Reaction  (45)  is  found  to 
be  the  main  process  for  producing  N(2D)  in  the  normal  ionosphere,  and 
that  the  reaction  product  is  100%  N(2D).  Finally,  the  electron  impact 
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dissociation  and  dissociative  ionization  of  also  produce  N(2D),  e.g., 


e + N - N + N(2D)  + 2e 


(48) 


e + N - N(2D)  + N 


(49) 


however,  even  though  novel  experiments  have  been  conducted  in  dissocia- 
207  208 

tion  and  metastable  detections  , exact  branching  ratios  to  deline- 
ate the  productions  of  N(2D)  from  Reactions  (48)  and  (49)  are  not 
currently  available. 

The  deexcitations  of  N(2D)  and  N(2P)  proceed  by  superelastic 

collisions  with  low  energy  electrons.  However,  a major  loss  mechanism 

for  N(2D) , in  daytime,  aurora  and  highly  disturbed  atmosphere,  is  in  its 

reaction  with  0 to  form  NO 
2 


N(2D)  + 0 - NO  + 0 

2 


(50) 


The  coefficient  for  Reaction  (50)  has  been  measured209,210  and 
is  ~ 6 X 10  12  oi?  sec  1 . N(2D)  is  also  lost  through  the  following 

reaction 


N(2D)  + N 0 - N + NO 
2 2 


(51) 


which  has  a roan  temperature  reaction  rate  coefficient209,211  of 
1.6  X 10*12  art*  sec'1 . A recent  measurement  by  Davenport,  et  al 
gives  the  quenching  rate  coefficient  of  N(2D)  by  atomic  oxygen  as 
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1.8  X 10~12  cn?  sec'1.  This  rate  is  larger  by  a factor  of  3 compared 

213 

to  a value  estimated  in  the  real  atmosphere  by  Rush,  et  al  .A 
sunmary  of  the  quenching  rate  coefficients  of  N(2D)  by  atmospheric 
species  of  interest  is  given  in  Table  7. 

6.  EXCITATIONS  IN  N+ 

The  atomic  nitrogen  ion  has  two  low  lying  metastable  states 
which  are  important  in  highly  ionized  atmosphere.  These  are  N+(*D)  and 
N+(lS)  and  are  excited  through  the  photoionization  of  the  atomic  metas- 
table states  N(2D)  and  N(2P).  The  photoionization  cross  sections  for 

214 

these  processes  have  been  calculated  by  Henry 

The  metastable  states  N+(*D)  and  N+(*S)  are  also  excited  by  elec- 
tron  impacts  with  the  ground  state  of  the  ion,  N ( P) , where  the  rele- 
vant near  threshold  collision  strengths  have  been  calculated  by  Henry, 
201  215 

et  al  , and  Saraph,  et  al  . These  collision  strengths  are  in  good 

204 

agreement  and  are  utilized  to  obtain  the  corresponding  deexcitation 
rate  coefficients  for  a Maxwellian  electron  velocity  distribution  and 
are  given  in  Table  8.  The  corresponding  excitation  rate  coefficients 
can  be  obtained  through  the  principle  of  the  detailed  balance. 

In  addition  to  the  above  processes,  N+(lD)  and  N+(lS)  are  excited 
by  the  electron  inpact  dissociative  ionization  of  and  several  plaus- 
able^*’  charge  exchange  processes  such  as 

j£(%)  + N(2D)  - N (*£)  + N+(‘D)  (52) 

and 

N+(3C)  + N(2P)  - N (*£)  + N+  (*  S)  (53) 

2 2 
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The  deexcitation  and  loss  processes  of  N+(*D)  and  N+(*S)  are  by 
superelastic  collisions  with  electrons  and  by  charge  exchanges  and  ion- 
atom  interchanges such  as 

N+  f1  D)  + 0 (3S)  - 0+(4»)  + N(**S)  (54) 

2 3 

N+  (* S)  + N0(2ir)  - N0+(32)  + N(2P)  (55) 

However,  no  quantitative  measurements  are  available  for  reactions  (52 
through  55). 

7.  EXCITATIONS  AND  DEEXCITATIONS  IN  0 

a 

7. 1 GROUND  STATE  VIBRATIONAL  EXCITATIONS  OF  0 

2 

Excitations  of  the  vibrational  levels  of  0^  in  the  atmosphere 
have  been  reviewed"^ *108,216.  -p^e  following  reaction 

0 + 0,  - 0 (a1  A)  + 0*  (56) 

3 2 2 

217 

has  been  found  to  be  efficient  and  excites  0 into  higher  vibration- 

2 

al  levels.  Electron  impacts  with  the  ground  state  of  the  molecule  leach 

also  into  vibrational  excitations  ’.  These  cross  sections  are 

generally  much  narrower  and  smaller  in  magnitude  in  comparison  with  the 

vibrational  excitations  of  N . The  electron  impact  excitation  rate  co- 

efficient,  obtained  using  measured  cross  section  is  shown  in  Figure 

8 for  an  electron  Maxwellian  velocity  distribution.  High  energy  ions 
221 

(^  10  eV)  are  found  to  excite  vibrational  levels  of  0 via 


(57) 


0+  + 0 - 0+  + 0* 

2 2 

The  significance  of  the  vibrationally  excited  0^  is  in  the  role 
it  plays  in  enhancing  the  rate  of  processes  such  as 

0 + e - O'  + 0 (58) 

2 

where  it  is  found  that  the  cross  section  for  reaction  (58)  depends 
strongly  on  the  temperature^ of  0^  . As  the  equilibrium  tem- 
perature of  02  is  increased  from  300  to  2100  °K  , both  the  energy  of  the 
maximum  cross  section  and  the  threshold  are  shifted  downwards.  O’Malley 
224  interpreted  these  results  as  being  due  to  the  vibrational  excita- 
tion of  0 . Chen,  however,  has  shown  that  rotational  excitations  must 
2 

225 

also  be  important 

The  vibrationally  excited  0^  is  quenched  by  atmospheric  species 

and  a sumnary  of  quenching  coefficients  is  given  in  Table  9.  Using 

134 

these  data  and  atmospheric  densities  and  temperatures  , the  deactiva- 
tion rate  (sec’1)  for  0* (v=l)  is  given  in  Figure  9 as  a function  of  al- 

2 

titude . 

7.2  ELECTRONIC  EXCITATION  IN  0 

2 

7.2.1  EXCITATION  OF  0 (a1  A) 

2 

Perhaps  the  most  abundant  metastable  state  in  the  upper  atmos- 
phere is  the  (axAg)  state  of  oxygen  molecule.  This  state  is  the  upper 
level  where  (0,0)  transition  band  to  the  ground  state  of  the  molecule 
gives  rise  to  the  infrared  atmospheric  emission  at  1.27m.  Its  abundance 

26 


’ at  50  km  during  the  day  is  ~ lO11"  cm’3  and  it  is  attributed  to 
the  photodissociation  of  the  ozone  by  the  solar  radiation  in  the  Hartley 
continuum229’231. 

0 + hi/ (Hartley  continuum)  -»  0 + 0 (a1  A)  (59) 

3 3 

The  quantum  yields  for  the  photolysis  (Reaction  59)  are  given  as  a func- 
232 

txon  of  wavelength  , in  Table  10. 

Other  excitation  mechanisms  for  0^  (a1  A)  are: 

0(3P)  + 03  - 02  + 02  (a1  A)  (60) 

with  a rate  coefficient233  of  4.5  X 10  15  art5  sec,  and  by  electron  im- 
pacts 


e + 0 (tfS)  - 0 (a1  A)  + e 
2 2 


(61) 


The  cross  section  for  the  last  reaction  has  been  measured4'5  and  calcu- 

235  236 

lated  using  Bom  Approximation.  Swider  has  suggested  the  exother- 
mic reaction 


0+  + NO  - N0+  + 0 (*A) 
2 2 


(62) 


to  be  of  relevance  in  auroras. 

The  altitude  profile  of  a1  A using  rocket  measurements  of  the 
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230  237 

1.27ji  radiation  * is  well  understood  in  terms  of  its  production 

238 

mechanism  during  daytime.  However,  the  nighttime  measurements  call 
for  additional  reactions  such  as 


0 + 0 + M - 0 (a1  A)  + M 
2 


(63) 


and 

j 

0 + HO  - 0 (a* A)  + OH  (64)  ^ 

2 2 

I 

1 

239  J 

The  last  mechanism  has  been  suggested  as  an  additional  source  for  the  i 

night  glow. 

The  singlet  metastable  state,  a*A,  is  quite  stable  and  its  be-  ( 

249 

havior  has  been  documented  . Furthermore,  it  is  quenched  by  atmos- 
pheric species,  0 , N , 0,  0 and  in  a highly  disturbed  atmosphere  by 
2 2 3 

low  energy  electrons.  Data  on  the  quenching  of  a1  A have  shown  excellent 
241 

agreement^4  . The  most  reliable  values  (excluding  the  data  in  Ref.  242) 
are  given  in  Table  11.  It  is  obvious  from  these  data  that  molecular 
oxygen  is  the  dominant  quenching  partner  in  the  normal  atmosphere,  a 
fact  confirmed  by  Evans'  interpretation  of  0^  (a1  A)  emission  in  the  at- 
mosphere23^. 

Other  loss  mechanisms  for  a1  A has  been  suggested,  such  as 

O'  + 0 (a1  A)  - 20  + e (65) 

2 2 2 

248 

operating  in  polar-cap  absorption  events  and  in  the  disturbed  atmos- 
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phere  . Subsequent  investigations  have  verified  the  rapidity  of  the 

250  251  in 

reaction  ’ which  has  a rate  coefficient  ~ 2 X 10_1D  cn?  sec'1 , and 

have  indicated  that 

O'  + 0 (*A)  - 0 + e (66) 

is  rapid  as  well,  with  a rate  coefficient  of  3 X 10'10  cn ? sec'1. 

The  deexcitation  detachment  reacitons  are  significant  for  dis- 
turbed atmosphere  in  which  an  anomalously  high,  1.27^,  emission  are 

found,  presumably  due  to  0 (‘A)252,25**. 

2 

Another  channel  through  which  0^  (a1  A)  may  be  quenched  is  radia- 
tive 0 dimer  formation2**6,255. 

2 

20  (a1  A)  ? 0*  - 20  Q?£)  + hi>(6340,  7030  A)  (67) 

2 4 2 

The  same  reaction  leads  to  the  excitation  of  b*£  state255,256. 


202  (a1  A)  - 02  (b'E)  + 02  (X®£)  (68) 

However,  the  rate  coefficient  for  Reaction  (67)  is  2 X 1017  aif 
sec  1 which  indicates  that  factions  (66)  and  (67)  may  not  be  of  impor- 
tance in  the  normal  atmosphere. 

7.2.2  EXCITATION  OF  b*£ 

The  metastable  state  b1!)  which  is  the  upper  level  for  the  02  at- 
mospheric band  emission  (b‘£  -*  X*£)  can  be  excited  in  the  same  manner 

# 


i 
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as  a1  A.  It  is  excited  from  the  ground  state  of  the  molecule 

e + 0 (X?E)  - 0 (b*£)  + e (69) 

2 2 

234 

whose  cross  section  has  been  measured  . It  can  be  excited  through  the 
photolysis  of  the  ozone  by  solar  radiation: 

by  + 03  - 02  (b‘S)  + 0,  (70) 

by  three  body  reaction 

0 + 0 + M - 0 (b*E)  + M (71) 

2 

and  by 


0+0  -0+0  (b‘E)  (72) 

3 2 

However,  two  additional  mechanisms  produce  the  bl£  state,  which  are  Re- 

258  259 

action  (68)  and  through  the  energy  transfer  * : 

0(‘D)  + 0 ()?£)  - 0(3P)  + 0 (b‘E)  (73) 

2 2 

259 

The  rate  coefficient  for  Reaction  (73)  has  been  measured  to  be 
9 X 10"* 1 at?  sec"4,  which  may  be  important  in  auroras^®.  Reaction 
(73)  has  been  identified  by  Seaton  ° to  be  resonant  with  v=2  of  02b*E 
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state.  However,  recent  observations  of  the  atmospheric  band  in  auro- 
ras indicate  emission  from  higher  vibrational  levels  v ^ 5.  This  sug- 
gests processes  of  energy  transfer  from  0(lS)  and  N(2D)  and  also  0 C1  D) 
with  higher  kinetic  energies  to  populate  v ^ 4. 

The  quenching  of  b*E  state  proceeds  via  low  energy  electrons  in 

the  highly  disturbed  and  normal  atmosphere.  It  is  also  quenched  by  N2 

and  02  with  (1.5  - 2.5)  X 10'lS  cnf  sec'1  (Refs.  263,264)  and  1.5  X 10‘16 

ai?  sec’1  (Refs.  14,  263),  respectively. 

7.2.3  EXCITATIONS  OF  0 (A3E)  STATE 

2 

The  A*£  state  of  oxygen  molecule,  is  metastable  and  is  the  upper 
level  of  the  forbidden  Herzberg  bands  transitions.  In  the  normal  atmos- 
phere and  in  laboratory  afterglow  measurements , it  is  believed  that  the 
dominant  excitation  of  this  state  is  due  to  the  three-body  process'^ ’^6 

0 + 0 + M -*  02  0 «?£)  + M (74) 

The  rate  coefficient  for  Reaction  (74)  has  been  measured  ' with 
M = and  has  a value  of  ~ 10’37  cm6 /sec,  for  low  pressure  (f^  < 1016 
ait*  /sec).  In  a highly  disturbed  atmosphere,  the  electron  inpacts  with 
0 should  excite  the  state,  however,  no  realistic  cross  section  for 
this  process  exists.  The  quenching  of  A*E  state  by  atmospheric  species 
is  not  well  known. 

8.  EXCITATION  AND  DEEXCITATION  IN  ATCMIC  OXYGEN 

The  atomic  oxygen  has  two  low-lying  metastable  states.  These 
are  0(‘ S)  and  0(*D)  and  are  the  upper  levels  for  the  well  known  and 
documented  emissions  at  5577  and  6300  A,  respectively.  In  addition, 


the  resonance  line  at  1304  A has  been  of  considerable  interest  as  an 

ultraviolet  emission  in  the  atmosphere.  A detailed  excitation  mechanism 

of  these  states  is  given  below: 

8.1  EXCITATIONS  AND  DEEXCITATIONS  OF  0(‘  D) 

The  1 D state  of  oxygen  emits  the  forbidden  red  lines  (6300  and 

6364  A)  which  are  prominent  in  the  aurora,  dayglow,  nightglow,  twilight 

and  highly  disturbed  atmosphere.  In  the  dayglow  the  major  source  of 

268 

0(*  D)  is  the  photodissociation  in  the  Schumann- Runge  cominuum 

0 + hi/  (>  7.1  eV)  - 0(3P)+0(*D)  (75) 

2 

Below  80  km  the  photolysis  of  the  ozone  (see  Table  10)  contributes 
heavily  to  the  production  of  0(lD).  In  higher  altitudes  0(*D)  is  pro- 
duced by  the  dissociative  recombination 

0+  ♦ e - 0(*D)  + 0 (76) 

2 

and  by  electron  collision  with  the  ground  state  of  oxygen; 

e + 0(3P)  - 0(lD)  + e (77) 

Processes  (76  and  77)  are  important  contributors  to  *D  in  auroras  and 

highly  disturbed  atmosphere  as  well  as  during  the  normal  atmosphere. 

The  dissociative  recombination  (Reaction  76)  have  a measured  and  reli- 

269 

able  rate  coefficient  over  a wide  range  of  the  electron  temperature 
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Its  room  temperature  value  is  2.2  X 10’7  at?  sec-1.  The  branching  ratio 

270  271 

for  the  products  of  Reaction  (76)  has  been  measured  in  afterglows  ’ 
and  these  results  are  given  in  Table  12, 

The  electron  impact  excitation  cross  sections  for  the  ground 

i i 199- 

state  configuration  which  includes  D and  S have  been  calculated 

201  272 

’ . The  last  calculation  is  the  most  recent  and  accurate  and  its 

204 

cross  sections  are  utilized  to  obtain  the  relevant  excitation  cross 
sections.  These  rates  are  shown  as  a function  of  the  electron  tempera- 
ture in  Figure  10  and  are  tabulated  in  Table  13. 

The  1 D state  also  arises  under  electron  impacts  with  0 through 

2 

the  dissociation  and  the  dissociative  ionization  of  the  molecule.  How- 
ever, no  quantitative  data  in  this  area  is  available.  Data  from  flow- 
ing  afterglow  experiments407  suggest  that  the  deactivation  of  0(lS)  by 
0(3P)  could  give  rise  to  0(*D), 

0(*S)  + (3P)  - 20(*D)  or  0(*D)  + 0(3P)  (78) 

whose  importance  in  the  nightglow  has  been  discussed  by  Hunten  and  Mc- 
Elroy^.  However?  this  reaction  and  its  most  current  rate  coefficients 
will  be  discussed  in  the  next  section  in  conjunction  with  the  deactiva- 
tions of  0 (*  S) . 

The  0(*D)  is  quenched  by  collisions  with  various  atmospheric 
atoms  and  molecules.  In  highly  ionized  atmosphere,  superelastic  colli- 
sions with  low  energy  electrons  deexcite  0(lD)  effectively.  Much  of  the 
older  quenching  data  are  discussed  by  Hunten  and  McElroy^,  who  conclude 
that  molecular  nitrogen  is  the  most  efficient,  with  a rate  coefficient 


33 


k “■  8 X 10'11  ait5  sec"1.  This  value  is  supported  by  the  work  of  Carle- 

ton,  et  al27\  and  by  that  of  McGarth  and  McGarvey27**,  who  found  that 

14 

the  rate  for  nitrogen  as  a quencher  exceeds  that  for  oxygen.  Zipf 

has  reviewed  this  subject  and  concurs  in  the  view  that  nitrogen  is  the 

• 275 

major  atmospheric  quenchant.  However,  in  a recent  review  , the 
quencing  rate  coefficients  of  0 (* D)  by  N and  0 are  given  as  5.5  X 10 
ait5  sec'1  and  7.5  X 10'11  art*  sec'1,  respectively. 

In  addition  to  the  normal  collisional  quenching,  0(* D)  undergoes 
chemical  quenching  in  its  reactions  with  minor  atmospheric  species,  es- 
pecially in  th3  stratosphere.  The  importance  of  these  reactions  have 

276  277 

been  demonstrated  by  Hunt  in  the  D- region  and  by  Hampson  in  the 

stratosphere.  Hampson,  for  example,  showed  that  in  the  stratosphere 

the  free  radicals  OH  and  HO  are  present  only  because  of  the  reaction  of 

2 

0(*D)  with  the  water  vapor 

0(*D)  + HO  - 2 OH  (79) 

This  reaction  has  a rate  coefficient278  of  6 X 10  10  ai?  sec  1 or  3.5  X 
10" 10  aif  sec'1.  Hunt276  showed  that  the  ozone  concentration,  in  agree- 
ment with  measured  values,  could  be  derived  only  if  several  0(*D)  re- 
actions involving  hydrogen  and  water  were  taken  into  consideration. 

These  are  Reactions  (79)  and 

0(‘D)  + H - OH  + H (80) 

which  has  a rate  coefficient280  of  3 X 10'10.  Asstming  a rate  coeffi- 


34 


cient  of  10’u  cn?  sec'1  for  Reaction  (80)  Htant  arrived  at  0(*D)  densi- 
ties of  1C?  - id*  between  40  and  100  km.  This  value  is  probably  too  large 
because  of  his  assumed  value  for  Reaction  (80) , however,  the  general 
conclusion  that  even  small  concentrations  of  0(*D)  are  extremely  impor- 
tant,  persists  even  when  turbulent  transport  is  taken  into  account  ’ . 

In  addition  to  Reactions  (79)  and  (80) , other  chemical  quenching  reac- 
tions involving  0(*  D)  in  the  stratosphere  are 

0(*D)  + CH  - CH  + OH  (81) 

and 

0(*D)  + NO  - N + 02  (82) 

- 2N0 

with  rate  coefficients^®"^  of  3 X 10  10  cm?  sec'1  and  1 X 10  10  cn?  sec'1 , 
respectively.  These  reactions  clearly  demonstrate  the  importance  of 
0(*D)  in  the  stratosphere,  its  importance  have  also  been  noted  in  the 
tropospheric  chemistry  . A summary  ' of  0(‘D)  quenching  reac- 

tions and  their  rate  coefficients  is  presented  in  Table  14.  However, 
in  a highly  ionized  atmosphere  the  population  density  of  0(*D)  will  al- 
so be  affected  by  a host  of  charge  exchange  and  ion-atom  intercharge 
205 

reactions  of  which  a few  examples  are: 


N+(3P)+0(lD)  - N(2D)  + 0+(4S) 

(84) 

N+(*S)  + 0 (*A)  - N0+(*n)  + 0(‘D) 

2 

(85) 

8.2  EXCITATIONS  AND  DEEXCITATIONS  OF  0(*S) 

288  t 

In  1931  Chapman  suggested  that  0(  S)  may  be  formed  in  the 
nightglow  by  the  reaction 

0(3P)+  0(3P)  + 0(3P)  -*  0(‘S)  + 02  (86) 

where  among  the  collision  partners  available  to  0^  , only  energy  trans- 
fer to  0(3P)  could  generate  O^S) . This  implicitly  assumed  an  initial 
step  in  which  the  stabilized  excited  0^  had  sufficient  energy  to  excite 
0(3P)  to  0(‘  S) . Such  a mechanism,  quite  belatedly,  was  proposed  by 
Barth  and  Hildenbrandt  , that  is 


0(3P)  + 0(3P)  + M - 0*  +M 

/ — \ 

t^ 

oo 

> — / 

0*  + 0(3P)  - o2  + 0(*S) 

(88) 

2qo 

Donahue,  et  al  , have  advocated  the  abandonment  of  the  Barth  two 

291 

step  mechanism.  However,  more  recently  Slanger  and  Black  using  new 
data  on  the  production  of  0C1 S)  combined  with  current  altitude  profiles 
of  5577  A intensities  and  0(3P)  concentrations,  make  persuasive  argu- 
ments in  favor  of  the  two  step  mechanism.  They  indicate  that  the  ex- 
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cited  molecular  oxygen  may  be  0^  (/?£).  The  reaction  rate  coefficient 

for  the  overall  production  of  0(‘ S),  i.e.,  Reactions  (87)  and  (88),  have 

291 

been  measured  recently  as  a function  of  the  kinetic  temperature  and 

found  to  be  1.4  X 10’3oexp(-  1300/RT).  This  should  be  compared  with 

292 

the  three-body  process.  Reaction  (86),  which  has  a rate  coefficient 
at  300  °K,  of  4.8  X 10'33  cm6  sec'1.  Additional  three-body  reactions 
forming  0(*S)  are: 


0(3P)  + 0(3P)  + N(4S)  - 0(*S)  + NO 


(89) 


and 

N(4S)+  N(4S)  + 0(3P)  - N + 0(*'S)  (90) 

2 o 2 ^ * c n * 

They  have  the  following  rate  coefficients:  2.56  X 10  cm  sec 

and  1.3  X 10-30  cm6  sec’*,  respectively. 

The  0(*S)  is  also  excited  through  the  dissociative  recombination 

of  0+,  (see  Reaction  76  and  Table  12).  Excitations  of  0(*S),  in  a high- 
z 

ly  ionized  atmosphere,  proceeds  by  electron  inpacts  with  the  ground 
state  of  oxygen  and  0(*D),  in  addition  to  the  above  processes  (see 
Figure  10  and  Table  13  for  the  rate  coefficients). 

During  the  daytime,  however,  the  photodissociation  of  0 

2 

02  ♦ W (X  < 1332  A)  - 0 + 0(lS)  (91) 
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contributes  appreciably  to  the  5577  A emission  below  150  km  with  the 

major  contribution  to  0(4S)  being  the  photo- dissociation  of  0 in  the 

• 294 

wavelength  range  1205-1292  A.  However,  Hays  and  Sharp  have  suggested 
that  absorption  near  the  ionization  threshold  A “■  1027  A is  mainly  re- 
sponsible for  the  photo-dissociation.  In  measuring  the  quantum  yield 
of  0 C* S)  through  the  photo-dissociation  of  0 over  a wavelength  range 

OQP 

850-1300  A.  Lawrence  and  McEwan  have  concluded  that  Reaction  (91)  is 
more  efficient  around  1050  A and  that  the  photo-dissociative  excitation 
around  Lyman  P (1025.7  A)  provides  the  major  fraction  of  0(*S). 

The  0(*S)  is  quenched  by  the  atmospheric  species  and  by  superelas- 
tic collisions  with  low  energy  electrons  in  a highly  disturbed  atmos- 

296 

phere.  Early  auroral  measurements  of  the  green  lines  have  found  the 
effective  lifetime  of  5577  A to  be  shorter  than  its  natural  lifetime. 

This  clearly  attributed  to  the  quenching  of  0(*S)  by  several  atmospheric 
species  where  currently  the  corresponding  rate  coefficients  have  been 
measured  by  many  workers  and  some  as  a function  of  the  kinetic  tempera- 
ture. The  quenching  of  0(*S)  by  0(3P)  (see  Reaction  78)  had  an  early 
measurement  with  a value^^  of  1.38  X 10  13  cn?  sec  1 . This  old  value 

292  - ip  q — I 

is  now  superseded  by  a much  larger  value  , e.g. , 7.5  X 10  cnr  sec 
at  300  °K  and  5.0  X 10"* 1 exp  (-  610/RT)  cm  sec’1  (see  Ref.  291).  The 
quenching  of  0(lS)  by  02 

0(*S)  ♦ 02  - 0(3P)+0z  (92) 

has  the  following  rate  coefficients:  4.0  X 10  12  exp (-  1730/RT)  cm* 
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sec'1  (Ref.  297)  and  4.9  X 10"12  exp(-  1700/RT)  cn?  sec'1  (Ref.  298). 

This  last  value  is  smaller  by  20%  at  roan  temperature,  compared  to  an 

. 299 

earlier  measurement  by  Stuhl  and  Welge  . The  quenching  rate  coeffi- 

2QQ 

cient  of  0(*S)  by  N is  < 5 X 10  17  art5  sec'1.  A sunmary  of  the 

quenching  rate  coefficients  of  0 (* S)  by  major  and  minor  atmospheric 
287 

species,  is  given  in  Table  15. 

9.  EXCITATIONS  AND  DEEXCITATIONS  IN  0+ 

The  atomic  oxygen  ion  has  two  low-lying  metastable  states;  0+(2D) 
and  0+(2P).  They  play  important  roles  in  the  chemistry  of  the  quies- 
cent and  the  disturbed  atmosphere.  They  are  produced  in  the  dayglow 
through  the  direct  photoionization  of  the  oxygen  atom 

0 + hi/  - oVs  , 2D,  2P)  + 2e  (94) 

Quantative  branching  ratios  for  Reaction  (94)  are  not  available, 

however,  estimates  can  be  made  using  photo ionization  cross  sections  as  a 

guide.  These  excited  states  can  also  be  produced^  by  electron  impacts 
. 301 

on  0 . Stebbings  indicate  that  for  100  eV  electrons  on  0 the  frac- 
2 2 

tion  of  excited  0 is  25%  of  the  ions  produced. 

In  addition  to  these  processes,  0+(2D)  and  0+(2P)  also  arise 
through  the  electron  impacts  with  the  ground  state  of  the  ion,  0+(4S)  , 
6.g.  , 

e + 0+(4S)  - 0+(2D,  2P)  + e (95) 

39 
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The  relevant  near  threshold  collision  strengths  for  processes  (95)  have 
201  302 

been  calculated  ’ . Using  these  collision  strengths,  the  deexcita- 

tion rate  coefficients  have  been  calculated29*1  for  a Maxwellian  electron 
velocity  distribution.  These  coefficeints  are  presented  in  Table  16. 

The  excitation  rates  can  be  obtained  through  the  principle  of  detailed 
balance. 

The  quenching  of  2 D proceeds  through  superelastic  collisions  (see 
Table  16)  especially  for  a highly  ionized  atmosphere.  However,  an  im- 
portant loss  mechanism  for  0+(2D)  is  its  near  resonance  charge  exchange 

with  N and  0 . 

2 . 2 

0+(2D)+N  - N+(A,  v=l)  + 0(3P)  (39) 

0+(2D)+  02  - 02+(v=o,a*n  ) + 0(3P)  (96) 

- 0j(  v=o)  + 0(3P)  (97) 

These  processes  have  large  rate  coefficients185’192  ~ 3 X 10’ 10  cm5  sec*1. 
Reaction  (39),  discussed  earlier,  may  enhance  infrared  emissions  in  the 
Meinel  bands185’18^.  However,  Reaction  (97)  may  result  in  visible  radi- 
ation from  the  second  negative  bands  of  0+.  Near  resonance  Reactions 

2 303 

(39)  and  (97)  have  been  suggested  as  new  laser  sources 

The  importance  of  Reactions  (39) , (96)  and  (97)  for  the  atmos- 
pheric deionization  is  very  obvious,  where  atomic  ions  are  converted  in- 
to molecular  ions  which  have  much  faster  rates  in  dissociatively  recom- 
bing with  the  free  electrons. 
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0+(2P)  which  emits  radiation  at  7319  A in  its  decay  to  0+(2D), 
is  quenched  by  low  energy  electrons  (see  Table  16),  however,  its  quench- 
ing by  atmospheric  species  is  not  well  known.  In  the  recent  Atmospheric 

Explorer  C Satellite  experiments,  dayglow  measurements  of  the  surface 
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emission  at  7319  A have  been  analyzed  indicating  that  quenching  by  N^ 

may  have  a rate  coefficient  as  large  as  5 X 10* 10  cn?  sec'1 . 

10.  EXCITATION  BY  PROTON  IMPACT 

This  section  is  devoted  to  the  effect  of  the  proton  precipitation 

in  the  atmosphere.  The  precipitation  of  energetic  protons  disturbs  the 

atmosphere  resulting  in  what  is  generally  called  the  proton  aurora. 

Proton  auroras  are  different  from  .electron  auroras  in  their  emissions 

and  their  lesser  vertical  extent  because  of  the  energy  range  of  the  ions 

in  the  atmosphere. 

Atomic  hydrogen  lines,  Ha  6564  A and  4861  A,  were  first  dis- 
covered by  Vegard305  in  the  auroral  spectrum.  These  spectral  lines  were 
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attributed  to  hydrogen  or  proton  showers.  The  displacement  of  H ^ to- 
wards the  blue  was  interpreted  as  protons  with  large  velocities  neutra- 
lized in  their  collisions  with  atmospheric  atoms  or  molecules.  Reviews 
of  proton  precipitations  and  hydrogen  line  emissions306  indicate  that 
typical  protons  have  energies  of  1-100  KeV. 

The  hydrogen  line  emissions  are  excited  by  the  following  process- 
es : 

H+  + M - H(n  ) + M+  (98) 

where  the  charge  exchange  leaves  the  hydrogen  atom  in  either  the  ground 
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or  excited  states.  The  hydrogen  atoms  thus  created  have  very  high  velo- 
cities and  travel  in  straight  lines  causing  ionization  and  excitations: 


H + M - 

+ * 

H + M + e 

(99) 

* 

H + M - 

H(n  ) + M 

(100) 

H + M - 

H(n  ) + M+  + e 

(101) 

There  are  considerable  experimental  data  for  hydrogen  line  emis- 
sions due  to  collisions  of  protons  with  , as  reviewed  recently  by  Me- 
Neal  and  Birely  . The  measured  emission  cross  sections  are  basically 
for  excited  states  of  n=2,  3 and  4 with  representative  emissions  of  Ly- 
man a,  Ha  and  . 

However,  in  addition  to  the  hydrogen  line  emissions  in  the  proton 
aurora,  the  collisions  of  the  protons  and  hydrogen  atoms  with  atmospher- 
ic atoms  and  molecules  excite  well  known  atomic  and  molecular  emissions. 
Among  the  most  prominant  excitations  are  the  Meinel  and  the  first  nega- 
tive bands  of  N+,  that  is; 

2 

H+  + N - H*  + N+  (^11)  (102) 

2 2 

and 

H+  + N - H*  + N*(#£)  (103) 
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The  cross  sections  for  the  excitation  of  the  Meinel  bands  (Reaction  102) 
by  protons  and  hydrogen  atoms  on  N2  have  been  measured  by  Birely  and 
Johnson  , in  the  energy  range  of  0.5-25  KeV.  These  measurements  indi- 
cate that  both  H and  H+  make  comparable  contributions  to  the  Meinel  bands 
emission.  The  cross  sections  for  the  first  negative  bands  emission  by 

proton  and  hydrogen  atom  impacts  on  (Reaction  103)  also  have  been 
30Q  31 0 311 

measured  ’ * for  incident  energies  of  1-25  KeV.  For  energies  a- 
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bove  25  KeV,  measured  cross  sections  for  Reaction  (103)  exist  * up 
to  100  KeV.  However,  for  proton  impacts  alone,  the  3914  A emission 
cross  section,  beyond  20  KeV,  have  been  measured  1 * up  to  1000  KeV. 

Excitations  of  other  electronic  emissions  in  by  proton  inpacts 
have  been  studied  in  the  laboratory.  Measurements  exist  for  N (E?w-.A?E) 
first  positive  band‘d  and  for  (C?ir-F?ir)  second  positive  band‘d 
emissions. 

As  for  excitations  in  0 experimental  data  are  limited  in  terms 
of  the  energy  range  and  electronic  states.  Sane  data  exist  for  the  ex- 
citation of  the  Schumann- Runge  continuum316’317  and  the  (b42-*A4ir)  emis- 

710  + , . . 

sion  of  0 . Furthermore,  the  proton  impact  dissociation  of  0 
2 2 

H+  + 02  - H+  + 0(3P)  + 0(‘D)  (104) 


and 


H+  + 02  - H+  + 0(3P)  + 0(3P) 


(105) 


have  been  measured  over  a limited  energy  range 


316,317 


where  part  of  the 
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dissociation  process  results  in  the  excitation  of  the  6300  A oxygen  red 

319 

line.  However,  using  certain  scaling  laws,  Edgar,  et  al  have  obtained 
proton  excitation  cross  sections  for  0 and  0^  from  electron  impact  exci- 
tations. Their  scaling  approach  gives  good  results  in  comparison  with 

309 

some  measured  cross  sections 
11.  METALLIC  SPECIES 

Alkali  atoms,  Na,  K etc.,  are  present  in  the  atmosphere  in  small 

quantities  and  are  concentrated,  generally,  in  the  E-  and  D- regions. 

320 

Bnission  from  Na  and  K have  been  measured  in  the  twilight  from  which 

their  altitude  profiles  can  be  inferred.  Sodium  ions  have  been  measured 
321 

by  rocket  bom  spectrometer  and  other  metallic  ions  are  found  to  be 

322  323  + + 

present  ’ in  the  D-  and  E-regions.  Metallic  ions  like  Mg  , Fe  are 

234 

maintained  by  ablating  meteroroids  . However,  other  metallic  atoms 
and  ions  are  introduced  into  the  atmosphere  as  a resuit  of  nuclear  de- 
tonations. 

The  alkali  atoms  are  excited  during  the  daylight  by  the  absorp- 
tion and  the  resonance  scattering  of  the  solar  radiation.  During  the 
night  time  their  emission  results  from  chemical  reactions.  However,  a 

detailed  chemistry  of  the  alkalis  in  their  reaction  with  atmospheric 
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species  is  not  well  understood  , as  yet.  Many  of  these  metallic  ions 
may  be  in  excited  states,  especially  the  energetic  ions  created  as  a re- 
sult of  nuclear  detonations.  For  Na+,  Fe+,  Al+  and  a few  other  metallic 
326  327 

ions  Fogel  and  Layton  have  shown  that  excitation  has  a marked 
effect  upon  the  cross  sections  measured  at  kilovolt  energies.  Thus,  it 
could  be  said  that  a large  nunber  of  reaction  rates  involving  metallic 
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atoms  and  their  ions  with  atmospheric  species  remain  unknown.  This  in- 
cludes reacitons  when  the  species  are  in  ground  states  as  well  as  in  ex- 
cited states. 

12.  REACTION  RATES  FOR  REACTIONS  INVOLVING  EXCITED  STATES 

This  report  ends  with  a summary  of  reaction  rates  and  cross  sec- 
tions where  excited  states  are  involved.  The  sunmary  given  in  Table  17 
provides  a considerable  portion  of  the  information  available  in  this 
area  with  emphasis  on  atmospheric  species.  The  temperature  at  which 
measurements  were  made  are  given  with  the  appropriate  references  and 
the  types  of  experiments  used  to  obtain  the  data. 
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atmospheric) 


Mean  Radiative  Lifetime  Principal  Transition; 
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Mean  Radiative  Lifetime  Principal  Transition;  Approx. 

Species  and  State  (sec)  A.  (in  A);  AEif  References 

Name  of  Transition  (eV) 


Table  2.  Ground  state  vibrational  data  for  atmospheric  molecules 
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r(sec)  9.2  x 10"2  3.7 


Molecule  and  Energy  Principal  Transition  Lifetime  Reference 


Table  3.  Electron  impact  excitation  rate  coefficients  for  eight  vibrational  levels  of  N 


Table  3.  (Cont'd. ) 
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TABLE  5.  Quenching  data  for  N (A^  I 


Quenchant 

Rate  Constant 
(cm^  sec~l) 

Reference 

N2 

< 3 x 10"19 

152 

~ io-19 

14 

°2 

2.5  x 10~12 

156 

159 

0 

< 3 x IO-11 

10 

5 x IO-11 

14 

7.5  x 10-11 

155 

N 

5 x 10-11 

160 

5 x 10-12 

161 

5 x IO"11 

162 

NO 

7 x 10-11 

160 
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Table  7.  Quenching  of  N(2D) 

Quenching 

Species 

Rate  Constant 
(cm3  sec'» ) 

Reference 

0 

2 

6 x 10' 12 

209,210 

N 

2 

1.6  x 10"14 

209 

0 

1.8  x 10'12 

211 

6 x 10' 13 

212 

NO 

7.0  x 10'11 

209 

e 

See  Table  6 

204 
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' Table  8.  Deexcitatioiji  rate  coefficients  for  the  low  lying  metastable 

states  of  N (Te  in  units  of  eV). 

Transition  Deexcitation  Rate  Coefficients 

(cm3  / sec) 

f 

f — — 

4.8  x 10"8  (T  )'1/2 
v e 

3.2  x 10'8  (T  )'1/2 
e' 

3.3  x 10"8  (Te)'1/2 


»D  - 3p 

*S  - 3P 
*S  - ‘D 
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Table  9.  Deactivation  of  02  (v=l) 


Table  10.  Sunmary  of  evaluated  photochemical  data  (Ref*  232) 


Table  11 


Quenching  data  for  Qg (lAg) 


Quenching 

Species 

Rate  Constant 
(cm3  sec'1) 

References 

°2 

2.4  x 10"18 

241 

2.2  x 10'18 

243 

2.2  x 10*18 

244 

2.2  x 10'18 

245 

T 0*8  in 

2.2(3^)  x 10'18 

232 

N2 

<1.1  x 10'19 

230 

COg 

3.9  x 10'18 

241 

HgO 

-17 

1.5  x 10  X/ 

241 

Ar 

-19 

<2.1  x 10  y 

241 

0 

<1.3  x 10'16 

246 

N 

(2.8+2)  x 10'15 

246 

°3 

3 x 10‘15 

247 
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Table  12.  Dissociative  recombination  of  0*  with  electrons  (Ref.  269,  271) 


0+  + e 

2 

0*  + 0** 

Product  Ratio 

Rate  constant3  (cm3  sec"1)  for 
Production  at  300  K 

Total 

0 (*S) 

0.1 

2.1  x 10"8 

Total 

0 (*  D) 

0.9 

1.9  x 10"7 

Total 

0 (3P) 

1 

2.1  x 10"7 
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Table  13.  Electron  impact  excitation  and  deexcitation  rate  coefficients  for  the  low  lying  states  of 
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Table  15.  Rate  constants  for  0(*S)  deactivation  (Ref.  287) 
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Table  16.  Deexcitation  rate  coefficients  for  the  low-lying  metastable 
states  of  0+(Te  in  eV) 
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(1)  Reaction  Coefficient  Temperature  Type  of 
Reaction  (cm3  sec"1)  or  Energy  Experiment  References 
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afterglow 


(3)  Reaction  Coefficient  Temperature  Type  of 
Reaction  fcm6sec~l)  or  energy  Experiment  References 
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LEVEL  OF  ENERGY  (eV) 


18 


Fig.  2 - Energy  levels  of  pertinent  ions  above  tho-j  of 
the  corresponding  ground  state  neutral  species. 
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EFFECTIVE  FIRST  ORDER  RATE  CONSTANT  FOR  N,  LOSS  (sec"1) 


Fig 


. 4 - Loss  Rates  of  N2  vibration  as  a function  of  altitude. 

(Ref.  125  & 126). 
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RATE  COEFFICIENT  (cm3/sec) 


Fig.  5 - Excitation  rate  coefficient  of  N2  (A^S)  from  the  ground 
state  of  N2  as  a function  of  the  electron  temperature.  (Ref.  148). 
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RATE  COEFFICIENT  (cm3/sec) 


0 2 4 6 8 10  12  14  16  18  20 

Te(eV) 

Fig.  6 - Excitation  rate  coefficients  as  a function  of  the  electron 
temperature  for  e + N2  -•  e + Nj  (B,0)  and  e + (X)  “•  e + Nj  (B,0), 

indicated  as  curves  a and  b,  respectively.  The  dashed  part  of  (b) 
is  obtained  from  Ref.  (178)  adjusted  to  the  results  of  Ref.  (177). 
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RATE  COEFFICIENT  (cm3/sec) 


0 2 4 6 8 10  12  14  16  18  20 

ELECTRON  TEMPERATURE  (eV) 

Fig.  7 - Excitation  rate  coefficients  for  the  low  lying  states  of 
nitrogen  as  a function  of  the  electron  temperature.  (Ref.  204). 


ELECTION  IMPACT  EXCITATION  RATE  COEFFICIENT  (cm3/sec) 


Fig.  8 - O2  ground  state  vibrational  excitation  rates  as  a 
function  of  the  electron  temperature.  (Ref.  220). 
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EFFECTIVE  FIRST  ORDER  RATE  CONSTANT  (sec1  ) 


Fig.  9 - Deactivation  of  ^ (v*l)  as  a function 
of  altitude.  (Ref.  134). 
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